there are two guanidino compounds (B1 and B3) that are likely to be equally rich in this element. Therefore, although the total free non-protein amino acid nitrogen may be very much less than the protein nitrogen stored in a seed, it may nevertheless constitute a small, highly concentrated reserve immediately available to the embryo on germination. SUMMARY 1. The genus Lathyrus may be subdivided into groups of species characterized by associations of ninhydrin-reacting compounds in their seeds.
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The isolation in quantity of 6-aminopenicillanic acid from penicillin fermentations (Batchelor, Doyle, Nayler & Rolinson, 1959) occasioned the synthesis of a large series of penicillins with different acyl side chains. A major objective was to prepare new drugs active against penicillinresistant staphylococci. Since such organisms, as encountered clinically, invariably owe their resistance to their inducible penicillinase, it was evident that the success of a new compound depended upon its behaviour toward this enzyme; to be effective, it had either to be a worse substrate than penicillin G, or a worse inducer of the enzyme, or both.
The best of the new penicillins thus far reported is 2,6-dimethoxyphenylpenicillin (methicillin); all strains of staphylococci tested were inhibited by it at concentrations ranging from 1 to 4 ,ug./ml., whether they produced penicillinase or not (Rolinson, Stevens, Batchelor, Wood & Chain, 1960b; Stewart, 1960; Knox, 1960; Thompson, Harding & Simon, 1960; Branch, Rodger, Lee & Power, 1960) , and almost all of a series of patients with severe penicillin-resistant staphylococcal infections were cured (Stewart, Nixon & Coles, 1960; Branch et al. 1960) . It was reported that 2,6-dimethoxyphenylpenicillin was not hydrolysed (Rolinson et al. 1960 b) , or was only slightly hydrolysed (Stewart, 1960; Knox, 1960) , by staphylococcal penicillinase, and that it was a good inducer of the enzyme (Branch et al. 1960; Knox, 1960; Rolinson et al. 1960 b; Stewart, 1960) . Its effectiveness was therefore considered to be due to its resistance to staphylococcal penicillinase. Two other new penicillins, a-phenoxyethyl-and aphenoxypropyl-penicillin, were reported to be more * Fellow of The National Foundation.
effective than penicillin G against penicillin Gresistant staphylococci on the basis of resistance to staphylococcal penicillinase (Garrod, 1960; William son, Morrison & Stevens, 1961; Jackson & Rao, 1961) . However, both were found to be good substrates (Gourevitch, Hunt & Lein, 1960; Rolinson, 1961) . In this paper, the last-mentioned results have been confirmed, and 2,6-dimethoxyphenylpenicillin has also been found to be hydrolysed at an appreciable rate by staphylococcal penicillinase.
The new compounds exhibit gradations in their effectiveness in tQro against penicillinase-producing staphylococci, and these studies were undertaken to determine whether the observed differences between them in this respect can be attributed to differences in affinity for staphylococcal penicillinase or to differences in ability to induce the enzyme.
In this paper, the expression 'penicillin resistance' refers to resistance due to penicillinase production and not to other types of resistance.
METHODS AND MATERIALS
Compounds. The sodium salt of penicillin G (benzylpenicillin) and the potassium salt of penicillin V (phenoxymethylpenicillin) were obtained from Glaxo Laboratories Ltd., Greenford, Middlesex; o-phenoxyethylpenicillin (phenethicillin) and x-phenoxypropylpenicillin (PA. 248) were gifts of Pfizer Ltd., Folkestone, Kent; 6-aminopenicillanio acid and 2,6-dimethoxyphenylpenicillin were gifts of Beecham Research Laboratories Ltd., Brockham Park, Betchworth, Surrey.
Organi&m. Staphylous aureu 524SC (Rogers, 1953) was the source of penicillinase and was the test organism in penicillinase-induction experiments. It was obtained from Dr H. J. Rogers, and maintained on Hedley Wright agar slopes with monthly transfer. Every 6 months the strain was restarted from a freeze-dried preparation.
Media. The usual growth medium was Hedley Wright broth (Wright, 1933 (Pollook, 1950) , final oonon. 0-83 mm. In some experiments, the whole culture was used directly as a souroe of penioillinase. Alternatively, the culture was centrifuged and either supernatant or cells, resuspended in 0-2M-potassium phosphate buffer, pH 5-8, were used. IAke Bacillu cerewu penicillinase (Kogut, Pollock & Tridgell, 1956 ), the staphylococcal enzyme was adsorbed by finely powdered glass, a process which was prevented by gelatin and by unknown constituents of broth. The glass-bound enzyme could be eluted with x-sodium chloride at pH 8-0. However, the affinity ofstaphylococcal penicillinase forglass was several hundredfold lower than that of B. cereus penioillinase, and it could be handled safely with glass equipment in the absence of gelatin.
Measurement of peniciuinaAe activity. Staphylococcal penicillinase activities are expressed as jAmoles of penicillin hydrolysed/ml./hr. at 300 and at pH 5-8 [= units/ml. as defined by Pollock & Torriani (1953) ].
The iodometric assay for B. cereus penicillinase (Perret, 1954) was found to be reliable for staphylococcal penicillinase as well. It was used to measure enzyme activities between 0-1 and 10 moles/ml./hr. at substrate concentrations between 1 and 10 mm, and will be referred to as the standard assay; unless otherwise stated this was the method used.
The micro-iodometric assay described in the following paper (Novick, 1962) 
RESULTS
Activity of 8taphylococcal penicillinase as a function of pH and of temperature. With a brothculture supernatant as source of penicillinase and penicillin G as substrate, the pH optimum of the enzyme was 5-8 (Fig. 1A) . All further assays were therefore carried out at this pH. With an incubation time of 10 min. this enzyme preparation had maximum activity at a temperature of 550 (Fig. 1 B) . Goldner & Wilson (1961) reported a temperature optimum of 300 for staphylococcal penicillinase. However, their observations were made with an incubation time of 1 hr. and a penicillinase prepared from homogenized cells of a different strain of S. aureus.
Induction by 2,6-dimethoxyphenylpenicillin: distribution and stability of induced penicillinase. Fig. 2 shows the results of an experiment in which S. aureus 524SC was induced in CHY medium, penicillinase activity of whole culture and supernatant being determined at 30 min. intervals. In this experiment a 50-fold increase in the specific activity of the cells was observed. This is a greater increase than has been observed with induction by other penicillins, with the exception of cephalosporin C (Swallow & Sneath, 1962) (Crompton, Jago, Crawford, Newton & Abraham, 1962) and with picramidopenicillanic acid, a new 6-aminopenicillanic acid derivative synthesized and studied by Swallow & Sneath (1962) . Fig. 2 shows that the enzyme is unstable in the culture supernatant and that gelatin protects it there (cf. Pollock & Perret, 1951) . Enzyme in broth supernatants, however, was found to be stable. Under the conditions of this experiment, most of the penicillinase remained bound to the cells. In other experiments the bound fraction varied from 55 to 85 %, oonsistent with the findings of Swallow & Sneath (1962) .
During induction in CHY medium the loss of supernatant activity could be due to the release of an inhibitor from the cells, to surface inactivation, or to destruction of penicillinase by a proteolytic enzyme. These possibilities have not been investigated.
.Induction by four rapidly hydrolysed peniciini. Theoretically, a new penicillin might be effective by being a poorer inducer of staphylococcal penicil. linase than penicillin G. A direct examination of this was not possible because induction of staphylococcal penicillinase, unlike that of B. cereua penicillinase (Pollock, 1953) , appears to require the continuous presence of the inducer (Swallow & Sneath, 1962) . Although induction with penicillin G has been reported (Geronimus i& Cohen, 1957 Cohen, , 1958 , rapid destruction of the compound probably prevented observation of the mimal induction rate. The same has been found for a-phenoxymethyl-, a-phenoxyethyl-and a-phenoxypropylpenicillin, all of which are rapidly destroyed by staphylococcal penicillinase (see Table 3 ). Induction with these three as well as with penicillin G was attempted by a somewhat different technique. An electrometric titrator (type TTT 1 c, Radiometer, Copenhagen) was used to control the concentration of inducer during the growth of the organisms. It was intended by this means to take advantage of the acid group formed when penicillin is hydrolysed; the titrator operated two burettes simultaneously, one providing 001 Msodium hydroxide to maintain a constant pH between 6-2 and 7-2, the other supplying equimolar inducer to replace that hydrolysed. However, when penicillin G was supplied continuously, it was found to inhibit the organisms at a concentration of about 0 2 jg./ml. Incubations were carried out at 309 in 7 ml. total yolume samples were chilled, 8-hydroxyquinoline was added, the with 5 mm-penicillin G, 20 units of penici linase activity extinctions were determined, and a 5 ml. portion of each (as measured at pH 5B8 and at 300), and, for pH 3*2-6B2, was centrifuged to remove the cells. Penicillinase activity O lM-sodium citrate buffer, or, for pH 5.8-9*0, 02M-of whole culture (@) and of supernatant (0) was then sodium phosphate buffer. Incubation was for 10 min. and estimated iodometrically (Perret, 1954) . Point (+) reaction rate was estimated iodometrically (Perret, 1954) . represents supernatant activity in a parallel culture to B. Penicillinase activity as a function of temperature. which gelatin (0.5%) was added at the start of induction to As in A, except that all incubationf mixtures contained protect the enzyme. Growth of the culture (A) is plotted 0-2m-sodium phosphate buffer, pH 5-8. (0.1 %), yeast extract (0.1 %) and glucose (0 5 %),
in water], the hydrolysis of 0-2 /g. of penicillin/ml. did not produce enough pH change to activate the magnetic valve of the titrator.
The ability of the four penicillins to induce penicillinase was examined indirectly by a comparison of the resistance of single induced and uninduced cells to each one. The results (Table 1) show that there is little, if any, difference between uninduced and 2,6-dimethoxyphenylpenicillin-induced single cells of S. aure?h 524SC in ability to grow into colonies in the presence of any of the four penicillins, despite a 130-fold difference in initial enzyme content.
Similar results (for penicillin G only) were obtained in liquid culture in an experiment in which induced and uninduced exponentially-growing cells were inoculated at two different cell densities, -103/ml. and 106/ml., into sets of broth tubes containing penicillin G in threefold serial concentration increments. These were incubated with shaking for 24 hr., and scored for growth on the basis of the presence or absence of turbidity. As expected, the difference in inoculum size was correlated with a large difference in ability to grow in the presence of penicillin. However, whatever the inoculum size, the maximum concentration in which the induced cells grew was about three times the maximum in which the uninduced cells grew. Again, the induced cells had 130 times more enzyme, initially, than had the uninduced. These results are consistent with the idea that the organisms are induced rapidly enough by any of the four penicillins to avail themselves of almost the maximum protective effect of penicillinase, and that differences in antimicrobial activity against penicillinaseproducing staphylococci are not, among the penicillins studied here, a function of differences in ability to induce the enzyme.
Action of peniciUinase. The term 'penicillinase' refers to enzymes which split the P-lactam bond of penicillins, as distinct from penicillin amidases (Rolinson et al. 1960a; Claredge, Gourevitch & Lein, 1960 penicillins G and V, and a-phenoxyethyl-and xphenoxypropyl-penicillins were all hydrolysed at comparable rates; 6-aminopenicillanic acid was hydrolysed at a considerably lower rate, and 2,6-dimethoxyphenylpenicillin very slowly indeed. Activity for 2,6-dimethoxyphenylpenicillin was too low in the uninduced culture to be measured, but the similarity of the ratios for the other five penicillins suggests that, for them at least, the same enzyme was responsible for hydrolysis in each case. Two of the penicillins studied, a-phenoxyethyland a-phenoxypropyl-penicillin, are racemic mixtures. The two enantiomorphs of a-phenoxyethylpenicillin were found by Gourevitch, Hunt & Lein (1960) to be hydrolysed at the same rate by staphylococcal penicillinase. In the present investigation, only the racemic mixture has been studied. The two optical isomers of oc-phenoxypropylpenicillin have been found by Crompton et al. (1962) to be hydrolysed at different rates by staphylococcal penicillinase and to have different affinities for the enzyme. These results have been confirmed (with samples of D-and L-m-phenoxypropylpenicillin kindly provided by Dr E. P. Abraham, University of Oxford). Michaelis constants (Kin), determined by the micro-assay (discussed below) were also similar to those obtained by Crompton et al. (1962) , by inhibitor analysis.
Measurement of Michaelis constants. To compare the affinity of staphylococcal penicillinase for each of the new penicillins with its affinity for penicillin G, Km values were determined. q-Phenoxymethylpenicillin and 6-aminopenicillanic acid were included for further comparison. Because of the variability in distribution of staphylococcal penicillinase between the growth medium and the cells, separate measurements were carried out in most cases with cell-bound and extracellular enzyme. For 6-aminopenicillanic acid and 2,6-dimethoxyphenylpenicillin, the initial reaction velocities were measured at several different substrate concentrations with the standard assay. For penicillin G and for a-phenoxymethyl-, a(-phenoxyethyl-and a-phenoxypropyl-penicillin, measurements were made with the micro-assay. The method of Lineweaver & Burk (1934) Table 3 ). Also, the half-life of each compound was calculated at its minimal inhibitory concentration in the presence of 500 units of staphylococcal penicillinase/ml. The minimal inhibitory concentrations listed in Table 3 For all the compounds studied, 8 < Km when 8 is the minimal inhibitory concentration, and the second term of this expression is negligible. Thus the half-lives are independent of substrate concentration: ti = Rm In 2 ma;s.
All velocities and half-lives (Table 3) were calculated for the same penicillinase concentration, 500 units/ml., the approximate enzyme content of a maximally induced fully grown culture of S. aureus 524SC (containing about 1-5 mg. of dry bacteria/ml.). This gave a V,,,,. for penicillin G of 5OO,umoles/ml./hr.
From previous work (Garrod, 1960; Williamson et al. 1961) , the penicillins can be ranked in order of effectiveness in vitro against penicillinase-producing staphylococci, as follows: 2,6-dimethoxyphenylpenicillin > oc-phenoxypropylpenicillin > a-phenoxyethylpenicillin > a-phenoxymethylpenicillin > penicillin G. The Km values (Table 3 ) are in the same order and thus correlate with data derived from testing in vitro. Half-lives at minimal inhibitory concentrations for sensitive staphylococci are also in the same order, but, though the halflives of four of the penicillins are similar, that of 2,6-dimethoxyphenylpenicillinismanytimeslonger, even though this drug must be used at 25-50 times the concentration of the others to inhibit sensitive staphylococci.
DISCUSSION AND CONCLUSIONS
The affinity of staphylococcal penicillinase for each of the penicillins studied is the major determinant of its half-life at the low concentration required for the inhibition of penicillin-sensitive staphylococci (see Table 3 ). This result supports the hypothesis that the greater the Km for a particular penicillin, the less will that penicillin differ in its antibiotic action against sensitive and resistant staphylococci. Thus, becauseofitsvery highKm, 2,6-dimethoxyphenylpenicillin has a half-life 5 x 10O times that of penicillin G (with extracellular penicillinase) when each is present at a concentration justsufficientto inhibit penicillin-sensitive staphylococci, whereas it is hydrolysed one-thirtieth as fast as penicillin G when both saturate the enzyme.
Vol. 83 233 (Rolinson et al. 1960b; Stewart, 1960; Knox, 1960; Thompson et al. 1960; Branch et al. 1960) . The Km measured for staphylococcal penicillinase with penicillin G is extremely low, and is considerably lower than that for other penicillinases (Pollock, Torriani & Tridgell, 1956; Banfield, 1957) . This is not surprising, since penicillin G is bactericidal for sensitive staphylococci at concentrations in the range 30-100l m (Williamson et al. 1961) . For resistant staphylococci which owe their resistance entirely to penicillinase, the enzyme must operate effectively in this range of substrate concentration if it is to protect the cells by preventing penicillin from reaching and maintaining such concentrations at some critical cellular locus. Clearly, the very high affinity of the enzyme for penicillin-G accounts for this effectiveness. Even so, the enzyme is only just able to protect the cells and there is rapid-killing of penicillinase-producing organisms when the inoculum is small or the penicillin concentration high. 2,6-Dimethoxyphenylpenicillin, embodying a smaller change in the penicillin molecule than one which results in absolute stability to the enzyme, upsets the balance between drug concentration, penicillinase action and cell survival, with lethal consequences for the penicillinase-producing organism.
Whether, for any particular staphylococcal strain, most of the enzyme is free in the medium or bound to the cells, the conclusions reached concerning the efficacy of the various penicillins remain the same; they are based on comparative Km values and on half-lives at minimal inhibitory concentrations, and these bear similar relationships to one another for both free and bound enzyme (see Table 3 ). The observation that Km values for cell-bound enzyme are higher than for free enzyme (see Table 3 ) suggests that there may be an accessibility barrier *between substrate and bound enzyme. The alternative of a difference in properties between the free and bound enzyme seems less likely because -the difference in Km is larger for the more rapidly hydrolysed penicillins and vanishes for the slowly hydrolysed ones, 6-aminopenicillanic acid and 2,6-dimethoxyphenylpenicillin (see Table 3 ).
Finally, investigation of the new penicillins has shown that the three properties of penicillin that determine its antimicrobial activity against penicillinase-producing staphylococci can be varied independently. Penicillin G seems to be a good inducer, has a very -high affinity and is very potent as an antimicrobial. 2,6-Dimethoxyphenylpenicillin has almost lost its affinity for the enzyme while retaining the other two properties, and picramidopenicillanic acid is a good inducer, has no antimicrobial activity (at a concentration of 234 Vol. 83 STAPHYLOCOCCAL PENICILLINASE 235 40,ug./ml.) and is hydrolysed one-tenth as rapidly as penicillin G, each at a concentration of 2 7mm (Swallow & Sneath, 1962) . Thus far, no compound has demonstrably lost its ability to induce while yet retaining either antimicrobial activity or affinity for the enzyme, but such a compound might be therapeutically valuable. As regards enzyme induction, picramidopenicillanic acid and 2,6-dimethoxyphenylpenicillin provide further evidence that affinity for the free enzyme is not correlated with ability to act as an inducer (cf. Perrin, Jacob & Monod, 1960 
